Introduction
Therapy of chronic lymphocytic leukemia (CLL) has been strongly improved by the combined use of chemotherapy and monoclonal antibodies targeting the CD20 antigen. In 2010, the CLL8 trial by the German CLL Study Group (GCLLSG) showed that addition of the type I chimeric IgG1 CD20 antibody rituximab increased progressionfree survival (PFS) and overall survival (OS) when combined to the chemotherapy with fludarabine and cyclophosphamide (FCR). 1, 2 Another well-validated chemoimmunotherapy is bendamustine plus rituximab (BR), which has been shown to be less effective than FCR, but more tolerable with regard to toxicity (particularly in patients older than 65 years). 3 Single-agent activity of rituximab is only modest in most cases of indolent non-Hodgkin lymphoma; however, it has significant activity in CLL patients at higher dose levels. 4 Hence, chemoimmunotherapy with rituximab has become the standard of care for most patients with CLL in the upfront setting.
Despite long-lasting remissions after chemoimmunotherapy with a median PFS of .6 years in some subgroups, 5 most patients will eventually relapse after chemoimmunotherapy and may develop chemotherapy-or rituximab-refractory disease. One recent attempt to achieve deeper and long-lasting remissions was to develop novel CD20 antibodies with improved therapeutic efficacy compared to rituximab. Obinutuzumab (formerly GA101) is the first of a new generation of type II glycoengineered CD20 monoclonal antibodies that has been approved for the submit your manuscript | www.dovepress.com
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Al-Sawaf et al treatment of CLL. Previous review articles have discussed and summarized key progress of developing this antibody. [6] [7] [8] Meanwhile, new as well as updated data for obinutuzumab have emerged with regard to the treatment not only of CLL but also of other B-cell lymphomas. In this study, we recapitulate the initial steps of the development and the particular pharmacological characteristics of obinutuzumab, review currently available data on its use in the clinical setting with focus on recently released results of older and novel trials and provide an outlook on the antibody's future application in the treatment of CLL.
Design and characteristics
Function of CD20 monoclonal antibodies CD20 is an integral protein specific to B-lymphocytes and therefore an attractive target for B-cell malignancies and B-cell-mediated autoimmune diseases. It is a transmembrane receptor, although the natural ligand is not known yet, and its physiological role is not completely understood. 9 It is suspected that it is involved in the regulation of B-cell activation and proliferation and that it is crucial for B-cell immune response. 10 Depending on the targeted epitope, CD20 antibodies can have different affinities and induce varying immune responses.
There are two types of CD20 monoclonal antibodies (Table 1) . Type I antibodies such as rituximab and ofatumumab bind to CD20 and induce a quick redistribution of the antibody-antigen complex into a lipid raft. 11 This complex only leads to weak direct cell death or accordingly apoptosis, but strong complement-dependent cytotoxicity (CDC) by recruiting C1q. 12 Ofatumumab has a particular high affinity and powerful CDC activity due to a distinct binding site at the CD20 transmembrane protein, which differs from rituximab's binding region. 13 In contrast, type II antibodies such as obinutuzumab do not localize the antibody-antigen complex into lipid rafts and therefore induce only very weak CDC that is 10-to 100-fold weaker than that with rituximab or ofatumumab.
14 However, reduced FcγRIIb-mediated CD20 internalization increases the capacity to bind and activate natural killer (NK) cells and subsequent immune effector function. 15, 16 Additionally, obinutuzumab causes cell death via homotypic aggregation, meaning the aggregation of malignant B-cells by antibodies and subsequent nonapoptotic cell death without the involvement of immune effector cells. 17 It was suggested that obinutuzumab binding leads to activation of a family of Rho kinases that are involved in B-cell receptor (BCR) activation as well as cytoskeletal rearrangements. 18 Preclinical observations confirmed that obinutuzumab induced rapid relocalization of actin filaments together with cell-surface antigens toward cell-cell junctions and thereby also activated lysosomes. These lysosomes play an important role in triggering caspase-independent cell death. 19, 20 In particular, it was shown that upon binding of type II antibodies onto CLL cells, lysosomes release various enzymes, including cathepsin B, and thereby induce cell death independently of caspases and without involvement of B-cell lymphoma-2 (Bcl-2). 21 This mechanism is not entirely understood but has been previously described for other antigens and is of particular interest in CLL patients who often present with impaired immunity. 21 Furthermore, obinutuzumab mediates increased binding and activation of NK cells particularly via FcγRIIIa, which ultimately leads to enhanced antibody-dependent cell-mediated cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP). 16 
Modification of CD20 monoclonal antibodies
In order to achieve the distinct characteristics of obinutuzumab, various modifications of the antibody structure were performed. Generally, antibody activity can be manipulated by retargeting to a different CD20 epitope. For instance, ofatumumab binds to a different epitope than rituximab and by that induces increased CDC. 13 Likewise, modification of the Fc region of the antibody can enhance immune effector functions; eg, ocaratuzumab, a type I antibody currently under development, has nine amino acid changes in its Fc region when compared to rituximab, which led to an up to 20-fold increased CD20 affinity and 6-fold increased ADCC. 22 In comparison to rituximab, obinutuzumab binds to a more exposed epitope of CD20, which though overlaps with rituximab's binding region. 23 However, the antibody has a completely different spatial orientation of binding, which is achieved by substitution of the amino acid leucine by valine at the antibody's hinge region. 24 This leads to a 30° wider elbow angle of obinutuzumab at the CD20 antigen. In vitro, the different spatial arrangement leads to more direct cell 
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Obinutuzumab in CLL death induction, probably due to higher affinity and more flexibility of binding.
17
Antibody affinity to the FcγRIII fragment is particularly important, as this mediates the interaction with immune effector cells. The affinity can be modified by changing the structure of oligosaccharides that are attached to the antibody's Fc fragment, causing a more intense interaction with neutrophil granulocytes as well as NK cells. This process is called glycoengineering: in an experimental setting, obinutuzumab was initially designed by removal of one fucose from the glycan tree that is attached to the amino acid asparagine 297. 25, 26 This led to an increased affinity to FcγRIIIa and FcγIIIb, which then increased the recruitment of FcγRIII expressing effector cells (ie, neutrophil granulocytes, NK cells and macrophages), and more intense signaling was observed.
14 ADCC was increased in comparison to fully fucosylated antibodies, while ADCP seemed to be comparable. In comparison to rituximab, NK degranulation was two-to fourfold more efficient with obinutuzumab. 27 This unique process of glycoengineering was standardized by raising antibodies in Chinese hamster ovary (CHO) cells that constitutively overexpress the heavy and light chains of obinutuzumab together with β-1,4-N-acetylglucosaminyltransferase III and Golgi α-mannosidase II, both of which reduce fucose and thereby remove fucose from the glycan tree of obinutuzumab. 28 In summary, the modification of the hinge region as well as of the Fc-attached glycan tree led to the distinct functional characteristics of obinutuzumab, which differ from those of rituximab and ofatumumab ( Figure 1 ).
Preclinical data
Prior to human use, obinutuzumab was tested in several preclinical models to further investigate its immunomodulatory capacities. Early experiments in human lymphoma xenograft models showed that obinutuzumab was able to achieve complete tumor regression in an aggressive diffuse large B-cell lymphoma (DLBCL) model using human SUD-HL-4 cells, which were subcutaneously injected in severe combined immune deficiency (SCID) mice. 17 In this model, rituximab only inhibited further tumor growth but failed to achieve regression. In a similar model with more aggressive, rituximab-refractory DLBCL, obinutuzumab was able to induce tumor growth control in a dose-dependent manner. 
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Al-Sawaf et al Similar outcomes were reported from an experiment using a model for advanced mantle cell lymphoma with Z138 MCL cells in SCID mice, where obinutuzumab showed superior efficacy with regard to OS when compared to rituximab. 29 Mossner et al 17 also investigated the extent of B-cell depletion in cynomolgus monkeys treated with different doses of rituximab and obinutuzumab. Both antibodies achieved highly efficient depletion of B-lymphocytes from peripheral blood (PB); however, obinutuzumab also efficiently depleted B-cells in the spleen and in lymph nodes. Memory B-cells and long-lived plasma cells were spared from depletion, implicating that humoral immunity and memory remained intact. 17 In the setting of CLL, obinutuzumab also induced greater levels of B-cell depletion than rituximab in whole blood taken from healthy donors as well as CLL patients. 30 Overall, accumulating evidence from preclinical experiments suggested that obinutuzumab had promising activity in various models of NHL, including DLBCL, MCL and CLL, with superiority over rituximab.
Clinical data Efficacy
Obinutuzumab was first tested in the Phase I/II GAUGUIN trial, which enrolled 33 patients with relapsed/refractory CLL. 31 The trial was separated into a dose escalation phase and a fixed dose phase. Patients initially received 400-1,200 mg of obinutuzumab in Phase I and a fixed dose of 1,000 mg in Phase II. An overall response rate (ORR) of 62% was reported in the first phase, but only of 15% in the second phase; no complete remissions (CRs) were observed. The striking difference in response rates between the trial phases was attributed to an imbalance in tumor burden between the two patient cohorts.
Further investigation on obinutuzumab dosage was done in the GAGE trial, which compared 1,000 vs 2,000 mg obinutuzumab (100 mg intravenous [IV] day 1, 900 [1,900] mg day 2, 1,000 [2,000] mg days 8 and 15 in cycle 1; 1,000 [2,000] mg day 1 over 7 further cycles). 32 Eighty treatment-naïve patients were enrolled for this Phase II study. With regard to the primary end point, ORR was higher in the 2,000 mg cohort (67% vs 49%) as well as CR (20% vs 5%). Despite this dose effect on response, no difference in PFS was observed.
The GALTON trial investigated the combination of obinutuzumab with a backbone chemotherapy of investigators' choice in 41 treatment-naïve CLL patients. 33 Obinutuzumab plus fludarabine and cyclophosphamide (FC-Ob) led to an ORR of 62%, including 10% CR. A combination with bendamustine achieved an ORR of 90% with a CR rate of 20%.
Notable adverse events with obinutuzumab were grade 3/4 neutropenia in 48% of the patients treated with FC-Ob and 55% in the bendamustine plus obinutuzumab (B-Ob) arm. Infusion-related reactions (IRRs) occurred in 29% of FC-Ob and 10% of B-Ob patients, but only during the administration of the first dose.
The pivotal CLL11 trial by the GCLLSG investigated obinutuzumab as frontline treatment in CLL patients with significant comorbidities, defined by a cumulative illness rating scale (CIRS) score of .6 points and/or a creatinine clearance of ,70 mL/min. 34 At the time of study initiation, a standard of care for this group of patients was chlorambucil monotherapy. Thus, the trial compared three treatment modalities: chlorambucil alone (Clb-mono) vs rituximab plus chlorambucil (R-Clb) vs obinutuzumab plus chlorambucil (Ob-Clb). Obinutuzumab was initially administered at 1,000 mg on days 1, 8 and 15 in the first cycle and subsequently at 1,000 mg on day 1 of the following five cycles. For better tolerability, a protocol amendment allowed a separation of the first obinutuzumab dose into 100 mg and 900 mg on days 1 and 2. Rituximab was administered at 375 mg/m 2 on day 1 of the first cycle and 500 mg/m 2 on day 1 of the subsequent five cycles. Chlorambucil was administered at 0.5 mg/kg on days 1 and 15 in each cycle.
The trial was divided into two stages: the aim of the first stage was to analyze whether addition of obinutuzumab or rituximab has any benefit in comparison to chlorambucil monotherapy. A total of 118 patients received Clb-mono, 238 received Ob-Clb and 233 received R-Clb. ORR in the Clb-mono arm was 31.4% (0% CR) vs 77.3% (22.3% CR) in the Ob-Clb arm and 65.7% (7.3% CR) in the R-Clb arm. No patient achieved minimal residual disease (MRD) negativity (assessed by PCR) in the Clb-mono arm, in contrast to Ob-Clb (17% in bone marrow [BM], 31.1% in PB) and R-Clb (2.8% in BM, 2.0% in PB). To date, Ob-Clb achieved the highest rate of MRD negativity in this patient population. After a median observation time of 23 months, median PFS in the Clb-mono group (11.1 months) was significantly shorter than in the R-Clb (15.4 months) as well as the Ob-Clb arm (29.2 months).
More patients were randomized into stage 2 of the trial, which aimed to compare R-Clb with Ob-Clb. A total of 333 patients received Ob-Clb and 330 received R-Clb. ORR was significantly improved by obinutuzumab when compared to rituximab (78.4% vs 65.1%), including a higher CR rate (20.7% vs 7%). Likewise, MRD negativity rate was also higher in the Ob-Clb group (19.5% vs 2.6% in BM and 37.7% vs 3.3% in PB). After a median observation time of Meanwhile, updated results of the CLL11 study with longer observation time have been published and confirmed the initial findings outlined earlier. 35 Importantly, these results showed a significant and clinically meaningful extension of time to next treatment (TTNT) from 38.2 months in the R-Clb group to 51.1 months in the Ob-Clb group (HR 0.57, 95% CI 0.44-0.74, P,0.0001).
Obinutuzumab has also been tested in other B-cell NHL, including DLBCL and follicular lymphoma (FL). The GOYA trial compared rituximab plus cyclophosphamide, hydroxydaunorubicin, oncovin, prednisone (CHOP) (R-CHOP) with obinutuzumab plus CHOP (G-CHOP) in 1,418 patients with DLBCL. The primary end point was investigator-assessed PFS. However, the end point was not met as no significant PFS difference between R-CHOP and G-CHOP was detected (3y-PFS was 66% for R-CHOP and 69% for G-CHOP). 36 Recently released data on obinutuzumab in FL are more promising: the GALLIUM trial recently showed that induction chemoimmunotherapy with CHOP, CVP or bendamustine followed by maintenance is more effective when obinutuzumab instead of rituximab is used as the antibody. Of the 1,202 patients with FL, G-based therapy yielded a median investigator-assessed 3y-PFS of 80% vs 73% in those receiving R-based therapy. This was a clinically meaningful reduction of risk of progression by 34%. Adverse events were comparable to those previously described in CLL11 and were mostly related to more frequent cytopenias and IRRs. 37 Taken together, the additional benefit of obinutuzumab compared to rituximab has been substantiated in several Phase II and two large Phase III clinical trials. Based on the results of the CLL11 trial, obinutuzumab was approved by the authorities for first-line treatment in combination with chlorambucil in previously untreated CLL patients with comorbidities.
Safety and tolerability
In CLL11, the most common severe toxicities (grade 3 and 4) associated with obinutuzumab were IRRs (21%), neutropenia (34%) and thrombocytopenia (12%). From the first trial onward, an increased rate of IRRs was described particularly during first administration of obinutuzumab. In CLL11, high-grade IRRs occurred in 21% of the patients receiving obinutuzumab in stage 1 and 20% in stage 2, while rituximab only induced high-grade IRRs in 4% of the patients. It was suggested that the quick clearance of the PB from lymphocytes observed with obinutuzumab ( Figure 2 ) might trigger a cytokine release, which clinically leads to IRR. The source of IRR-driving cytokines (mainly IL-6) is unknown; however, alternatively immune effector cells could be recruited by obinutuzumab as part of ADCC. Severe IRRs upon obinutuzumab administration occurred only during the first infusion, and different measurements were taken in order to manage IRRs in the clinical setting. First, the initial dose of 1,000 mg was administered over 2 days (100 mg on day 1 and 900 mg on day 2) and additionally a prophylaxis with acetaminophen, an antihistamine and 100 mg of IV prednisone was given before the first dose of obinutuzumab. This strategy allowed good management of IRR also in subsequent clinical trials using obinutuzumab.
Several reasons for the increased occurrence of IRRs have been discussed. Obinutuzumab has a high affinity for FcγRIII (the "Function of CD20 monoclonal antibodies" section), leading to strong binding to CD20 and stronger FcγR activation and effector cell recruitment particularly in the PB. This mediates a strong cytokine release, which clinically became manifest particularly in patients with high peripheral CLL cell counts. 38 Moreover, Trisomy 12, which is known to be associated with higher levels of CD20 expression, was found to be a risk factor for the occurrence of IRRs. 39 Cytokine profiling showed that levels of TNF-α, IFN-γ as well as IL-6 and IL-8 are significantly increased after the first obinutuzumab infusion, while the number of circulating B-lymphocytes rapidly fell. 38 Cytopenias were also more frequent under obinutuzumab. In particular, grade 3 neutropenias occurred more frequently during Ob-Clb when compared to Clb-mono (35% vs 16%). Fortunately, the rate of grade 3-4 infections was not higher with Ob-Clb than with Clb-mono (11% vs 14%). Comparison of Ob-Clb and R-Clb in stage 2 of the trial revealed a trend toward higher rates of neutropenia and thrombocytopenia with obinutuzumab (33% vs 28% and 28% vs 11%, respectively). Again, rates of infections were comparable (12% vs 14%). Preclinical models have suggested that the reason for the more pronounced neutropenia is the enhanced recruitment and consumption of neutrophils in the course of obinutuzumab-mediated ADCP. 27 In summary, therapy of CLL with obinutuzumab is associated with more frequent IRRs as well as more pronounced cytopenias. So far, both of these adverse reactions were well manageable in clinical trials and did not interfere with therapeutic efficacy. 
Outlook: new indications, new combinations and new challenges
Rituximab has become an integral part of first-line treatment for most CLL patients. In order to find out whether a nextgeneration CD20 antibody such as obinutuzumab is superior in the first-line setting, further clinical trials comparing FCR/BR with FC-Ob/B-Ob would be desirable. Currently, there are several ongoing Phase II trials that explore the efficacy and tolerability of FC-Ob/B-Ob in treatment-naïve as well as pretreated patients (NCT02071225, NCT02320487 and NCT02320383). Moreover, the GREEN trial, a Phase IIIb multicenter, open-label trial, currently explores the safety and efficacy of obinutuzumab alone or in combination with chemotherapy (bendamustine, chlorambucil or cyclophosphamide/fludarabine) in fit and unfit untreated or pretreated CLL patients (NCT01905943). So far, data on first-line B-Ob have shown an ORR of 78.5% (CR 32.3%) and an MRD negativity rate of 58.9% in PB or accordingly 27.8% in BM. Overall, AEs were comparable to Ob-Clb with IRRs in 66.7% of patients (15.2% $ grade 3, none fatal), neutropenia (10.8%), pyrexia (7.6%) and febrile neutropenia (7%). Tumor lysis syndrome was observed in 5.1% of the patients. B-Ob was well tolerated and manageable, making it a possible future alternative for treatment of fit and maybe unfit CLL patients. 40 
New combinational strategies
The introduction of inhibitors of the BCR signaling pathway, such as ibrutinib, a Bruton's tyrosine kinase (BTK) inhibitor, or idelalisib, a PI-3 kinase inhibitor, as well as venetoclax, a Bcl-2 inhibitor, has enlarged the therapeutic landscape in CLL. 41 A key question is whether combinations of small molecules with CD20 antibodies provide additional benefit or whether these new compounds are sufficiently effective as monotherapies. Ibrutinib has shown superior activity with durable remissions in treatment-naïve as well as relapsed/refractory CLL patients, including patients with unfavorable mutations such as deletion of 17p or patients with comorbidities. 42 However, preclinical research has indicated that ibrutinib might inhibit ADCC by blocking IL-2-inducible tyrosine kinase, a member of the BTK family, which is needed for activation of NK cells. 43 Therefore, it was suggested that CD20 antibodies relying on ADCC might be impaired by ibrutinib. Burger et al 44 investigated a 
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Obinutuzumab in CLL combination of ibrutinib plus rituximab in a Phase II trial and reported promising efficacy with an 18-month PFS of 78% (72% in patients with del(17p), ORR and CR were 95% and 8%, respectively). A randomized controlled trial comparing ibrutinib with ibrutinib plus rituximab was subsequently started (NCT02007044). These preclinical findings were not observed in clinical trials, suggesting that rituximab's activity particularly relies on CDC rather than ADCC and therefore was not impaired by ibrutinib. However, a combination of ibrutinib and obinutuzumab, which mediates its cytotoxic activity essentially via ADCC, is also currently investigated in a Phase II trial by the GCLLSG (CLL2-BIG trial, NCT02345863).
Idelalisib was licensed based on a Phase III trial comparing idelalisib plus rituximab vs rituximab alone in 220 frail, elderly patients with relapsed CLL. 45 Subsequent approaches are investigating a combination of idelalisib plus obinutuzumab, for instance in the CLL2-BCG trial of the GCLLSG (NCT02445131).
Finally, obinutuzumab is currently also being tested in combination with the Bcl-2 inhibitor venetoclax. The CLL14 study, successor trial of CLL11, compares the standard of care for comorbid patients (Ob-Clb) with obinutuzumab plus venetoclax (NCT02242942). First results of the safety run-in phase of the trial showed good tolerability and response to this combination. 46 Likewise, the CLL2-BAG trial of the GCLLSG compares a similar combination after bendamustine debulking in treatment-naïve as well as pretreated CLL patients (NCT02401503).
Importantly, while combinational strategies are likely to further enhance therapeutic efficacy, further data on safety and tolerability of such new regimes are warranted before they can be applied in clinical practice.
Rituximab-refractory disease
Resistance to type I CD20 antibodies such as rituximab is rare and incompletely understood. In some rituximabrefractory CLL patients, reduced expression of CD20 has been suggested as an escape mechanism of the lymphoma cells. 19, 47 The protein can be removed from cell surface by phagocytic cells ("shaving") or internalized via endocytosis into lysosomes. [48] [49] [50] Moreover, the interaction between the Fc fragment of the CD20 antibody and FcγR on leukocytes is essential for ADCC and ADCP. Different polymorphisms in FcγR can either increase or decrease cytotoxicity of rituximab and are therefore a possible mechanism of resistance. 51 Likewise, changes in patient's physiology such as impaired cellular immunity due to prior chemotherapies or an increased degradation of monoclonal antibodies can reduce response to rituximab.
In Phase II trials with rituximab-refractory NHL (including CLL), obinutuzumab has shown single-agent activity. 52, 53 In the GAUGUIN trial, patients with relapsed or refractory DLBCL receiving obinutuzumab monotherapy achieved an ORR of up to 37% and patients with relapsed or refractory mantle cell lymphoma achieved an ORR of 20%. 31 A median duration of response of 9.8 months was observed, which was notably sustained in rituximab-refractory patients, who had a response duration of 9 months.
Moreover, combination of obinutuzumab with bendamustine was very effective in the Phase III GADOLIN trial, 54 which compared the efficacy of bendamustine monotherapy (B) vs B-Ob in rituximab refractory indolent NHL. ORR did not differ between the two groups (63% vs 69%), but after a median follow-up time of 21.9 months, median PFS was 29.2 months in the B-Ob group vs 14 months in the B group. The exact mechanism by which type II CD20 antibodies may overcome rituximab resistance is not understood. However, it is possible that this is related to the different targeted epitopes as well as the more efficient recruitment of effector cells.
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Summary and conclusion
Obinutuzumab is the first licensed glycoengineered type II CD20 antibody that compared to rituximab induces more enhanced cell death via ADCC and ADCP. Its high efficacy was first confirmed in preclinical models, in which modification of the antibody structure as well as the attached glycan tree induced a more pronounced B-cell depletion. Subsequent clinical trials confirmed the high efficacy of obinutuzumab in CLL patients. The CLL11 trial demonstrated that obinutuzumab can induce considerable rates of MRD negativity in comorbid patients with durable remissions. Therefore, Ob-Clb is a current standard of care for previously untreated CLL patients with comorbidities.
The therapeutic landscape in CLL is currently very dynamic and new therapeutic strategies and schedules are constantly being investigated. The development of potent single-agent regimes such as ibrutinib and combinations of idelalisib plus rituximab also suggests a possible efficacy of combinations of small molecules with obinutuzumab. To date, the benefit of such strategies is not completely established. Combinations of obinutuzumab with one or even two small molecules, eg, venetoclax plus obinutuzumab (NCT02242942), ibrutinib plus obinutuzumab (NCT02345863) or ibrutinib plus venetoclax plus Drug Design, Development and Therapy 2017:11 submit your manuscript | www.dovepress.com
Dovepress
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Al-Sawaf et al obinutuzumab (CLL13 trial of the GCLLSG, recruiting planned in Q4/2016), are possible chemotherapy-free regimens that might challenge chemoimmunotherapies in the first-and second-line setting.
The clinical advantage of such combinational strategies and particularly their superiority over conventional therapies needs to be rigorously tested as many health systems could be overburdened by the additional costs of such regimens, which jeopardizes the sustainability and feasibility of such novel therapies. While Ob-Clb seems to be cost-effective overall in the long run, 56 other obinutuzumab combinations still need to be tested for efficacy as well as feasibility in randomized controlled trials.
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